We consider the microwave-to-optical frequency conversion based on the Lamb shift, fine structure and forbidden transitions. The theory of such a conversion is developed and the efficiency of the microwave-to-optical frequency conversion is calculated. We show that the ratio of the peak power of the induced optical emission to the power of the incident microwave, for a hydrogen atom, can reach 10 6 . Indeed, the Lamb-Rutherford experiments [16] [17] [18] [19] [20] [21] are based on microwave stimulation of excited hydrogen atoms that are in a metastable 2 1 2 ⁄ state, into which they were transferred under the action of an external excitation source (electron beam). The electric dipole spontaneous transition of the hydrogen atom from the excited 2 1 2 ⁄ state to the ground state 1 1 2 ⁄ is forbidden by the selection rule ∆ = ±1. The allowed quadrupole spontaneous transition 2 1 2 ⁄ − 1 1 2 ⁄ is a very slow process, which ensures the lifetime of the excited 2 1 2 ⁄ state of the order of 1/7 s; this is 8 orders of magnitude longer than the lifetime of the excited states 2 1 2 ⁄ and 2 3 2 ⁄ , which is of the order of 1.6×10 -9 s.
We consider the microwave-to-optical frequency conversion based on the Lamb shift, fine structure and forbidden transitions. The theory of such a conversion is developed and the efficiency of the microwave-to-optical frequency conversion is calculated. We show that the ratio of the peak power of the induced optical emission to the power of the incident microwave, for a hydrogen atom, can reach 10 6 .
Efficient conversion of signals between the microwave and the optical domain is a key feature required in classical and quantum communication networks [1, 2] . For such a conversion process, several schemes have been investigated, including, cold atoms [3] , spin ensembles coupled to superconducting circuits [4, 5] , and trapped ions [6, 7] . The highest conversion efficiency so far was reached via electro-optomechanical coupling, where a high-quality mechanical membrane [8, 9] or a piezoelectric photonic crystal [10] provide the link between an electronic LC circuit and laser light. Efficient direct electro-optic modulation [11] [12] [13] [14] [15] is considered as an alternative approach.
The Lamb-Retherford experiments [16] [17] [18] [19] [20] [21] suggest a direct method of the microwave-to-optical frequency conversion using the forbidden transitions and the Lamb shift.
Indeed, the Lamb-Rutherford experiments [16] [17] [18] [19] [20] [21] are based on microwave stimulation of excited hydrogen atoms that are in a metastable 2 1 2 ⁄ state, into which they were transferred under the action of an external excitation source (electron beam). The electric dipole spontaneous transition of the hydrogen atom from the excited 2 1 2 ⁄ state to the ground state 1 1 2 ⁄ is forbidden by the selection rule ∆ = ±1. The allowed quadrupole spontaneous transition 2 1 [16] [17] [18] [19] [20] [21] , in fact, a direct conversion of microwave radiation to UV radiation was carried out using forbidden transitions and degenerate states of the atom.
The analysis of experiments [16] [17] [18] [19] [20] [21] allows us to purposefully organize such a microwave-tooptical frequency conversion. The theory of experiments [16] [17] [18] [19] [20] [21] was developed in [23] . In what follows we shall use the results of [23] and also of [24] [25] [26] .
Let us consider a device that operates as follows. There is a container containing an active medium -atomic hydrogen. An external energy source pumps the active medium: hydrogen atoms are transferred from the ground (pure) state 1s 1/2 into a metastable mixed state with two excited modes 1s 1/2 and 2s 1/2 , whose lifetime is about of 1/7 s. The unstable modes 2 1 2 ⁄ and 2 3 2 ⁄ excited at the same time are rapidly decayed (in a time of the order of 10 -9 s). Pumping can be carried out, for example, as in the Lamb-Retherford experiments, using an electron beam, and also an electric discharge, X-ray or ultraviolet radiation. After the required pump level is reached, the pump source is turned off and the microwave source is turned on at a frequency of 10949 MHz to induce "transition" 2 1 2 ⁄ → 2 3 2 ⁄ or at a frequency of 1057.9 MHz to induce "transition" 2 1 2 ⁄ → 2 1 2 ⁄ . As a result, under the action of microwave radiation, the forced flow of the electric charge of the electron wave occurs from the mode 2 1 2 ⁄ into the corresponding mode 2p. In both cases, the resulting mixed excited state 1 1 2 ⁄ − 2 decays rapidly due to spontaneous emission at a wavelength of ~122 nm, which differs for the two cases under consideration only in the magnitude of the corrections associated with the fine structure.
The optical radiation induced by microwave radiation will be forced: by changing the intensity of microwave radiation, one can control the intensity of optical radiation. In particular, turning off the source of microwave radiation one can reduce the intensity of optical radiation to practically zero (taking into account the long lifetime of the metastable mixed state 1 1 2 ⁄ − 2 1 2 ⁄ , spontaneous emission at the 1 1 2 ⁄ → 2 1 2 ⁄ "transition" frequency will be very weak).
We note that this process looks like a three-level laser, however, as it is easy to see, the principle of operation of the device under consideration differs fundamentally from the principle of laser operation.
Using the results [23] [24] [25] [26] , we calculate the intensity of the stimulated emission of a hydrogen atom which are in a mixed metastable state with an excited 2s 1/2 mode, depending on the intensity of the microwave radiation that induces the 2 1 2 ⁄ → 2 3 2 ⁄ transition.
According to classical electrodynamics [27] , the intensity of the electric dipole radiation For a three-level atom with three excited modes 1, 2, and 3, using the results of [23, 24] 
We introduce
where is the angle between the vectors and 0 .
Then, using (1), (2) and (5), one obtains Relation (6) describes the intensity of stimulated emission of one atom, which can be characterized by the effective cross section of stimulated emission = ⁄ . Thus, microwave-to-optical frequency conversion can be realized using even a single atom.
Let us consider the case when the active medium contains a set of atoms with a random orientation . In this case, averaging (6) Taking into account equations (3) and (5) 
The dependence of the integral (7) on the parameter is shown in Fig. 1 .
From the analysis of the function ( ) it follows that the degeneracy of the stimulated emission occurs non-exponentially with time. In particular, for < 4, the integral (7) is well approximated by the function ( ) = | 31 | 2~1 , we obtain max~4 × 10 6 ( ); i.e. the peak intensity of the stimulated emission is a million times greater than the intensity of the primary microwave radiation that causes it.
The expressions obtained are valid for the case when a fine structure of the 2p-1s spectral line of the hydrogen atom is used for microwave-to-optical frequency conversion. In order to describe the microwave-to-optical frequency conversion based on the Lamb shift 2 1 2 ⁄ − 2 1 2 ⁄ , it suffices to simply interchange the indices 2 and 3 in the corresponding expressions and consider that the mode 2 is the 2 1 2 ⁄ mode while the mode 3 is the 2 1 2 ⁄ mode [23] . It is evident that in both cases under consideration, the efficiency max of the microwave-to-optical frequency conversion is the same.
As a conclusion, we note that microwave-to-optical frequency conversion can be performed not only on the Lamb shift or on the fine structure of the 2p 1/2 -1s 1/2 spectral line, but also on any degenerate spectral line containing "transitions" with a long relaxation time. Such a source of radiation can be especially effective on "forbidden transitions", when an electron wave can be forced to "accumulate" in eigenmode, from which the electric dipole transition to the ground state (via any channels) is forbidden by selection rules. This will allow "accumulating light" in the metastable states of atoms and "store" it for a long time, and when necessary, quickly "extract" it under an external action of a weak microwave.
